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Globins constitute a superfamily of proteins widespread in bacteria, protozoa, fungi, plants, and animals (1) . Not surprisingly, they are structurally and functionally diverse. Legume nodules are an interesting model to study Hb function and regulation as they express the three types of plant globins (9) . Specifically, Lbs are present at concentrations of 2-3 mM and maintain a free O 2 concentration of 20-40 nM in the cytosol of host cells (10) . This range of O 2 concentration permits an adequate supply of ATP for N 2 fixation while avoiding nitrogenase inactivation (4) . In nodules, Lbs are usually found as multiple components whose relative proportions vary with age (11) . In soybean nodules, there are four major components (a, c 1 , c 2 , c 3 ), encoded by different genes, and four minor components (b, 3 ), originated by posttranslational modification (11, 12) . Considerable progress has been made on elucidating the regulatory pathways of Lb biosynthesis (13, 14, and refs. therein), whereas the mechanisms implicated in its degradation are virtually unknown. In animals and plants, the conversion of heme to biliverdins is catalyzed by heme oxygenase (15, 16) , but can be carried out also nonenzymatically ('coupled oxidation') at pH 7.5 in the presence of ascorbate and O 2 (17, 18) . In plants, biliverdin-like pigments perform important functions in photosynthesis and photomorphogenesis (15) and are also associated with a decrease of N 2 fixation activity and Lb content in senescent nodules (17, 19) . Legume nodule senescence, whether natural or stress-induced, is a complex and poorly studied process with potential agricultural and ecological relevance as it limits the functional lifespan of nodules and thereby N 2 fixation (19-21).
The green proteins derived from Lb in nodules have not yet been characterized. More than 60 years ago, Virtanen and Laine (17) reported the presence in legume nodules of a green pigment similar to animal choleglobin and proposed that it was generated from Lb through the breaking of the tetrapyrrole ring without the release of Fe. Much more recently, a different type of green proteins was isolated from soybean nodules (22) . The 'modified' proteins, termed Lba m and Lbc m , derive from Lba and Lbc (22) . Spectroscopic analysis of Lba m , purified by isoelectric focusing (IEF), revealed that this protein has an amino acid sequence identical to Lba but an unknown alteration of the tetrapyrrole ring (22, 23) .
Identification of the heme modifications in Lba m and Lbc m is important because they are increasingly produced during nodule senescence and exhibit aberrant binding to O 2 (24) . In this paper we show that soybean Lba m and Lbc m have a 4-nitrovinyl in their heme groups and that these modified hemoproteins can be reproducibly generated in vitro by exposure of functional Lba and Lbc to nitrite (NO 2 -) via reactive nitrogen species (RNS). This finding reveals that Lbs are a target of nitration in vivo and demonstrates the production of powerful oxidant and nitrating species in nodules, particularly during senescence.
Results

Purification and Identification of Lb Components and Modified Forms.
The major Lb components and their derivatives were purified from soybean nodules by ammonium sulfate fractionation followed by several chromatographic steps (22) . Fractions containing Lbs were further purified by IEF using a narrow range of pH, which allowed us to separate Lba, Lbc 1 , and Lbc 2 +c 3 from the corresponding green derivatives. It was not possible to fully resolve Initial analyses were performed on the isolated modified hemes but they were relatively unstable. Consequently, the whole proteins were directly subjected to MS analysis, which was optimized for maximal yield of the heme molecular ions. The hemes of Lba, Lbc, and Lbd had a m/z 616, as expected for protoheme, whereas those from Lba m , Lbc m , and Lbd m had a m/z 661. High-resolution MS of these molecular ions proved that the 45-Da difference was due to the insertion of a NO 2 group (Table S2 ). The molecular ions were extensively fragmented (MS 2 to MS 4 ) and the elemental compositions of the most relevant fragments elucidated by high-resolution MS. These analyses revealed that one propionic group, at least the -carbon and carboxyl of the other propionic group, and at least three Me groups of the tetrapyrrole were intact in the modified hemes (Table S2) (Fig. S2) , that showed the heme to be reversed in vinyl substituent placement within the protein, as reported for the nicotinate complex (27) . All resonances of the Lba heme were assigned except for those of the 4-vinyl group and meso-γ-H (Table S3) , specific of a nitroaromatic group (30) . In the mid-frequency and low-frequency RR spectra, the frequencies of modes involving the peripheral vinyl and Me groups are significantly modified, further indicating binding of a NO 2 group to a vinyl (29, 31) . In-plane and out-ofplane porphyrin modes show changes in frequency in accordance with an increased porphyrin distortion upon nitration (32) . This increased protoheme distortion likely originates from a minimization of the steric contacts between nitrovinyl and its adjacent Me groups.
Reconstitution of Lbs with Mesoheme and In Vitro Nitration.
The possibility that the nitrated heme originated by a substitution of a proton by NO 2 on a vinyl group was suggested by previous work on nitriMb (33) and nitriHb (34, 35) . These green Mb and Hb derivatives contain a 2-nitrovinyl group and are generated in vitro by exposing the proteins to excess NO 2 -. Thus, we prepared apoLba and apoLbc, reconstituted the holoproteins with protoheme or mesoheme (heme with ethyl groups replacing vinyls), and attempted to nitrate them (Fig.   1 ). The apoLb reconstituted with protoheme yielded green protein products having modified visible spectra and heme groups with m/z 661, which had identical fragmentation patterns to the hemes of nitriMb, Lba m , Lbc m , and Lbd m . By contrast, the apoLb reconstituted with mesoheme remained unaffected after the NaNO 2 treatment, based on the IEF, Soret and visible spectra, RR, and MS analyses of the protein. The MS analysis showed a molecular ion of m/z 620, characteristic of the Fe-mesoporphyrin lacking NO 2 (Fig. 1) . Taking these results together with the MS, NMR, and RR data, we conclude that the NO 2 group of the modified Lb hemes is on the 4-vinyl and that several structural isomers are produced by nitration of the protoheme. To substantiate the presence of several isomers of Lb hemes, Lba purified from soybean nodules was nitrated with NaNO 2 at pH 7.0 or 5.5 at room temperature and the resulting proteins were resolved on preparative IEF gels (Fig. 2) . Nitration was faster at pH Typically, six Lba derivatives were produced, four of which (LbaN2, LbaN4, LbaN5, and LbaN6) were green (Fig. 2) . LbaN6 was low abundant and could not be studied further.
All other derivatives had pyridine hemochromes with a 580 nm band that is absent in unmodified Lbs (Table S1) (Table S1 ). This similarity was confirmed by RR spectroscopy (Fig. S5) . Based on the relative intensity of the bands at ~1320 and 1373 cm -1 , the spectrum of the LbaN4 is the closest one to that of Lbc m .
Also, in the 1400-1700 cm ions, but can also intercept free radicals (39) . To gain information on the inhibitory effect of DFO and the role of metals on Lba nitration, we used ferrioxamine (1 mM), prepared by equimolar mixing of DFO and Fe 3+ ions, and two powerful metal chelators, diethylenetriamine pentaacetic acid (1 mM) and Chelex resin (5 mg). Neither FO (Fig. S6) nor the other two compounds had any effect on heme nitration when added to the hemoprotein prior to NO 2 -. Therefore, free metal ions are not required for the reaction and DFO needs to have the hydroxamic moities unblocked to inhibit nitration, which is consistent with the high affinity binding of DFO for heme (40) .
Discussion
Green pigments and nitrated derivatives have been generated in vitro from animal and plant hemoproteins. Thus, human and equine Mb can be nitrated in the heme group, Tyr (33, 41) . In the case of plant hemoproteins, HRP was found to be nitrated on the vinyl groups (42) and a green derivative of Lb has been produced by oxidative reaction with H 2 O 2 (43) . The latter authors surmised that the green Lb species was formed at least in part by heme-globin cross-linking. We failed to detect similar compounds in vivo but found instead that the green Lbs of soybean originated by nitration of the heme. Furthermore, spectroscopic and reconstitution analyses of the hemoprotein revealed that the NO 2 group is on the 4-vinyl (Fig.   S1 ). The modified Lbs were reproducibly synthesized in vitro by exposing the proteins to excess NO 2 -. These findings are fully consistent with a recent study showing that nitration of HRP heme occurs preferentially on the 4-vinyl rather than on the 2-vinyl (42). Nevertheless, nitriMb and nitriHb are nitrated on the 2-vinyl (33) (34) (35) , suggesting that multiple isomers can be formed during nitration and that the vinyl which is preferentially nitrated may be predicted by its relative availability to nitration reagents within the heme pocket. The regiospecificity of Lb heme nitration is indeed consistent with the crystal structure of soybean Lba (44), which shows a greater accessibility of the 4-vinyl relative to the 2-vinyl when considering both surface electrostatic charges and steric restrictions for insertion of a NO 2 group (Fig. 4) .
It also should be noted that the NMR spectra tell us that the Lb protein imposes strict binding of the unsymmetrical heme molecule in only one orientation at equilibrium. Thus, the specific placement of the 2-and 4-vinyl groups, as shown in Figure 4 , defines a strong thermodynamic preference for the observed heme orientation, which, along with the accessibility of the 4-vinyl group seen in the structure, dictates that only the 4-vinyl group is attacked. In an early study, however, three Lba m derivatives were found to exhibit virtually identical Soret-visible spectra (23) and here we found also different Lba m products from in vitro nitration of Lba. In light of the present results, we propose that these products are isomers differing in the site of the NO 2 group on the 4-vinyl, such as the -or -carbons and/or cis-or trans-configuration (Fig. S1 ).
How was the nitrated heme produced? We used RNS scavengers and releasing compounds, antioxidants, and metal chelators to gain insights on the nature of nitrating molecules ( Fig. 3 and Fig. S6 (42) or for the production of NO 2 -Tyr on a plant Hb (46) . In these two cases, the nitrating agent is proposed to be the NO 2  radical based on the peroxidase activity (pathway 3) of the hemoproteins (42, 46) . In fact, in these and our own studies, the possibility that H 2 O 2 be generated inside the heme pocket cannot be entirely ruled out. This is unlikely, however, because addition of up to 100 M H 2 O 2 did not accelerate nitration. Recently, two additional mechanisms have been proposed for nitration of Mb (38, 41) and Hb (34) (24) . Because these green proteins appear not to be competent for O 2 transport (23, 24) , it will be of interest to determine whether they are unavoidable by-products of Lb-mediated RNS detoxification or perform as yet unknown functions in legume nodules.
Materials and Methods
Biological Material. Soybean plants (Glycine max cvs Hobbit or Williams x Bradyrhizobium japonicum strains 61A89 or USDA110) were grown under environment controlled conditions until the late vegetative growth stage (22) . Nodules were harvested in liquid nitrogen and stored at -80ºC.
Purification of Lbs, Protein Identification, and Molecular Mass Determination. Soybean Lbs were purified using ammonium sulfate precipitation and chromatographic steps in hydroxylapatite, Sephadex G-75, and DE-52 columns (22, 23) . Proteins were subjected to in-gel digestion with trypsin using a Digest MSPro (Intavis, Koeln, Germany). Peptide and protein identification was performed by peptide mass fingerprinting in a MALDI-TOF instrument (Applied Biosystems) as described (54) 
